Introduction {#Sec1}
============

Hepatic steatosis is a major cause of chronic liver disease worldwide, with prevalence estimates ranging from 25 to 45% in the general population \[[@CR1]\]. Hepatic steatosis, usually defined as fat accumulation \> 5% in hepatocytes, is the first recognisable stage for both alcoholic and non-alcoholic fatty liver disease (NAFLD). Hepatic steatosis, especially NAFLD, may lead to progressive liver fibrosis and cirrhosis and increased risk of type 2 diabetes and cardiovascular diseases \[[@CR2]\]. NAFLD is the primary hepatic outcome of metabolic syndrome and further cardiometabolic diseases, which include insulin resistance as well as dyslipidaemia and obesity as key pathologic mechanisms according to recent scientific advances \[[@CR3], [@CR4]\]. Previous dietary studies reported that, compared with healthy controls, individuals with hepatic steatosis had a higher consumption of carbohydrates, saturated fat, meat, and soft drinks, along with a tendency towards a lower intake of omega-3 polyunsaturated fatty acids (PUFA) and fish \[[@CR5]--[@CR8]\]. However, there are few data concerning associations between dietary factors and overall dietary pattern with hepatic steatosis among healthy adults.

Recently, the Mediterranean diet has been recommended for the management of NAFLD by the EASL-EASD-EASO Clinical Practice Guideline \[[@CR3]\]. Meta-analyses and systematic reviews of published evidence have supported a beneficial impact of adherence to the Mediterranean diet on overall mortality and on risks of metabolic syndrome, type 2 diabetes, and cardiovascular disease \[[@CR9]--[@CR11]\]. However, whether the Mediterranean diet is associated with risk of hepatic steatosis remains unclear. Higher adherence to the Mediterranean diet has beneficial effects on the progression of hepatic steatosis, but this evidence was derived from small-scale trials (*n* \< 90 followed up for \< 6 months) in patients with existing hepatic steatosis \[[@CR12]--[@CR17]\]. Among adults free from clinically manifest hepatic steatosis, evidence from three studies is available, but still inconclusive. Two cross-sectional studies reported conflicting results: one among obese Spanish adults with high cardiovascular risk (*n* = 794) reported an inverse association \[[@CR18]\], and the other among apparently healthy Chinese adults (*n* = 332) reported a null association \[[@CR19]\]. The Framingham Heart Study, only one longitudinal study thus far, has recently reported a significant inverse association of greater adherence to the Mediterranean diet with incident hepatic steatosis (*n* = 1521 adults over 6 years follow-up) \[[@CR20]\].

Given the limited and inconsistent evidence, which is mainly restricted to a single study or country, we aimed to investigate the cross-sectional association of adherence to the Mediterranean diet with hepatic steatosis among middle-aged healthy adults in two independent population-based cohorts: Fenland (East England, UK) and CoLaus (Lausanne, Switzerland).

Methods {#Sec2}
=======

Study design and population {#Sec3}
---------------------------

The Fenland Study is an ongoing population-based cohort of adults from general practice lists in Cambridgeshire (Cambridge, Ely, Wisbech, and surrounding villages) in the UK \[[@CR21]\]. Overall, 12,435 adults born between 1950 and 1975 (aged 30 to 65 years at recruitment) attended baseline clinical assessments in 2005--2015. This cohort was established to investigate environmental and genetic risk factors for the development of type 2 diabetes and related metabolic disorders. Exclusion criteria were the presence of known diabetes, being pregnant, being unable to walk unaided, or having psychosis or a terminal illness. The Cambridge Local Research Ethics Committee approved the study (04/Q0108/19), and all participants provided written informed consent.

The CoLaus Study is an ongoing population-based cohort including a random sample of 6733 individuals aged 35 to 75 years in the city of Lausanne, Switzerland. Details of the study have been described previously \[[@CR22]\]. This cohort was established in 2003 to investigate the clinical, biological, and genetic determinants of cardiovascular disease, and it included participants of European origin. For the present analysis of CoLaus, we used data from the first follow-up (study period 2009--2013; *n* = 5064) when dietary assessment was initiated. The Institutional Ethics Committee of the University of Lausanne approved the study (reference 16/03), and all participants provided written informed consent.

In this analysis of the two cohorts, we used standardised exclusion criteria to remove participants with diabetes \[defined as glycated haemoglobin ≥ 48 mmol/mol, fasting plasma glucose ≥ 7.0 mmol/L, 2-h glucose ≥ 11.1 mmol/L, or use of glucose-lowering drugs\], those who are pregnant, and those missing dietary data, outcome data, or key covariates. We excluded those with implausible energy intake based on sex-specific thresholds (\< 500 or \> 3500 kcal/day in women; and \< 800 or \> 4000 kcal/day in men) \[[@CR23]\]. Participants with missing marital status data (*n* = 1506) in Fenland were retained for analyses and coded with a missing indicator variable.

Dietary assessment {#Sec4}
------------------

In Fenland, a self-administered, 130-item, semi-quantitative food frequency questionnaire (FFQ) was used to assess habitual dietary intake over the previous year \[[@CR24]\]. The validity of the FFQ was previously assessed against 16-day weighed dietary record, 24-h recall, and biomarkers \[[@CR25]--[@CR27]\]. In this FFQ, the average consumption frequencies of each food item ranging from 'never or less than once per month' to 'six or more times per day' (nine categories) were provided. Total energy and macronutrient intake were estimated based on the UK food composition database \[[@CR28]\].

In CoLaus, a self-administered, 97-item, semi-quantitative FFQ was used to assess dietary intake over the preceding 4 weeks \[[@CR29]\], the validity of which had been assessed in nearby Canton of Geneva against 24-h recalls \[[@CR30], [@CR31]\]. For each item, consumption frequencies ranging from 'less than once during the last 4 weeks' to 'two or more times per day' (seven categories) were provided, in addition to the serving size (smaller, equal, or bigger) in comparison to a reference size.

Mediterranean diet scores {#Sec5}
-------------------------

We calculated three Mediterranean diet scores (MDSs). We evaluated the pyramid-based MDS (pyrMDS) \[[@CR32]\] based on the Mediterranean dietary pyramid \[[@CR33]\] as our primary exposure. The Mediterranean dietary pyramid was proposed by the Mediterranean Diet Foundation to be applied to both Mediterranean and non-Mediterranean countries \[[@CR33]\]. We previously confirmed the content validity of pyrMDS in a non-Mediterranean setting, with its higher scores being associated with lower incidence of cardiovascular disease and cardiovascular and all-cause mortality in a UK population \[[@CR32]\]. The detailed scoring method has been reported previously \[[@CR32]\]. Briefly, a continuous score of 0 to 1 was assigned for each recommended consumption level of the 15 components of the pyramid (possible range 0--15): vegetables, legumes, and fish as healthy food groups; red meat, processed meat, potato, and sweets as unhealthy food groups; and fruits, cereals, nuts, eggs, dairy, white meat, and alcoholic beverages as items for which a moderate consumption was recommended (Additional file [1](#MOESM1){ref-type="media"}: Table S1). The second MDS was based on an algorithm proposed by Sofi and Casini \[[@CR34]\] based on a systematic review of the published literature (literature-based MDS, LitMDS; possible range 0--18). The LitMDS accounted for 9 dietary items: vegetables, legumes, fruits and nuts, cereals, dairy, fish, meat, alcohol, and olive oil. The third MDS was based on each cohort's sex-specific tertiles (tMDS; possible range 0--18) and accounted for the same 9 dietary items as LitMDS (Additional file [1](#MOESM1){ref-type="media"}: Table S1). We also previously tested these scores in a UK population \[[@CR32]\]. The MDS calculation was adjusted to an energy intake of 2000 kcal/day (8.37 MJ/day) based on the residual method \[[@CR23], [@CR32]\].

Ascertainment of hepatic steatosis {#Sec6}
----------------------------------

In Fenland, hepatic steatosis was ascertained by abdominal ultrasound, which is considered the first-line diagnostic procedure for hepatic steatosis \[[@CR3]\]. A semi-quantitative grading system was used to define normal hepatic echotexture or mild, moderate, and severe steatosis. The images were scored retrospectively according to standardised criteria by two trained operators who were unaware of other study measures. Hepatic steatosis scoring criteria were (a) increased echotexture of the liver parenchyma (bright liver in comparison with the kidney), (b) decreased visualisation of the intra-hepatic vasculature, and (c) attenuation of the ultrasound beam. Each criterion was scored on a 4-point scale, and a cumulative liver fat score based on the sum of the scores was created (possible range 3--12) \[[@CR35]\]. A score of ≤ 4 was classified as normal liver, 5--7 as mild steatosis, 8--10 as moderate steatosis, and ≥ 11 as severe steatosis. In our primary analysis, the mild, moderate, and severe categories were grouped together. The diagnostic accuracy of ultrasound was previously assessed against proton magnetic resonance spectroscopy, with sensitivity and specificity of 96% and 94%, respectively \[[@CR36]\].

In both cohorts, we also evaluated fatty liver index (FLI) as an outcome, using anthropometry measures and fasting blood markers, calculated based on a logistic function including body mass index (BMI), waist circumference (WC), triglyceride (TG), and gamma-glutamyl transferase (GGT) levels as follows:$$\documentclass[12pt]{minimal}
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FLI × 100 ranged from 0 to 100, and the presence of hepatic steatosis was defined by FLI ≥ 60, a value with sensitivity and specificity of 61% and 86%, respectively \[[@CR37]\]. The diagnostic accuracy of FLI in comparison to ultrasonography has been reported to have an area under the receiver operating characteristic curve of 0.813 (95% CI 0.797, 0.830) \[[@CR38]\].

In the CoLaus Study, abdominal ultrasound measurements were not available and hepatic steatosis was assessed by FLI (as above) and additionally by the 'NAFLD liver fat score' \[[@CR39]\]. The NAFLD liver fat score was based on an algorithm including the presence of metabolic syndrome defined by the International Diabetes Federation criteria \[[@CR40]\], presence of type 2 diabetes, and fasting concentrations of insulin, aspartate-aminotransferase (AST), and the AST/alanine transaminase (ALT) ratio:$$\documentclass[12pt]{minimal}
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Compared to proton magnetic resonance imaging, the presence of hepatic steatosis defined by a NAFLD liver fat score greater than or equal to − 0.640 had a sensitivity of 86% and a specificity of 71% \[[@CR39]\]. In Fenland, AST levels were not available to calculate NAFLD liver fat score.

Assessment of covariates {#Sec7}
------------------------

In both studies, socio-demographic, lifestyle, and health characteristics were collected by self-administered questionnaires. Socio-demographic data included age, sex, marital status (single, married/cohabiting, and widowed/separated/divorced), occupational social class (routine/manual and administrative/professional in Fenland; working and not working in CoLaus), and educational level (compulsory, secondary, and university). Health characteristics included the presence of metabolic syndrome and family history of diabetes. In the Fenland Study, test site (Cambridge, Ely, and Wisbech) and household income (\< £20,000, £20,000--40,000, and \> £40,000) were also used as covariates. Smoking status was classified as 'never', 'former', and 'current'.

In Fenland, physical activity was assessed objectively using combined heart rate and movement sensing for over 6 days (Actiheart, CamNTech, Cambridge, UK) with individual calibration for heart rate using a treadmill test \[[@CR41]\]. To estimate intensity time series, free-living data were pre-processed and modelled using a branched equation framework then summarised over time as daily physical activity energy expenditure (kcal/day). In CoLaus, physical activity was assessed with a validated self-administered quantitative physical activity frequency questionnaire \[[@CR41], [@CR42]\].

In both cohorts, body weight and height were measured with participants barefoot and in light indoor clothes; BMI was calculated as weight (kg) divided by height squared (m^2^). Waist circumference was measured by tape mid-way between the lowest rib and the iliac crest. In Fenland, body fat mass was also measured with dual-energy X-ray absorptiometry. Blood pressure was measured three times using an automated oscillometric sphygmomanometer in both cohorts, and the average of the two last measurements was used to define systolic and diastolic blood pressure.

Fasting venous blood samples were collected. In Fenland, blood samples were placed on ice, centrifuged, and stored at − 70 °C until analysis. In CoLaus, all assays were performed on the blood samples within 2 h of blood collection. In both cohorts, plasma TG, high-density lipoprotein cholesterol, and glucose were measured using standard enzymatic methods and ALT, AST (only in CoLaus), and GGT were measured using reference method as standardised by the International Federation of Clinical Chemistry.

In both cohorts, alcohol consumption was assessed by self-report number of alcoholic beverage units consumed in the preceding week, categorised as 'abstainers' (0 unit/week), 'moderate' (1--21 units/week for men, 1--14 for women), and 'heavy' (\> 21 units/week for men, \> 14 for women) drinkers. We undertook two approaches regarding alcohol consumption: one as a covariate and the second as a component of the MDS to evaluate adherence to the Mediterranean diet from which alcohol consumption was separated out as it is an established risk factor for hepatic steatosis \[[@CR1]\].

Statistical analysis {#Sec8}
--------------------

Statistical analyses were performed using Stata (version 14; StataCorp, College Station, TX). Descriptive statistics were presented as mean ± standard deviation (SD) for continuous variables and proportions for categorical variables. Cohen's kappa statistics were calculated to assess the agreement between the FLI and ultrasound liver fat score in Fenland and between the FLI and NAFLD liver fat score in CoLaus.

Each of the three MDSs was modelled both categorically (quintiles) and continuously (per SD). Multivariable-adjusted Poisson regression was used to estimate the prevalence ratios (PR) and 95% confidence intervals (CI) \[[@CR43]\] and to examine the association between hepatic steatosis (ultrasound liver fat score and FLI in Fenland; FLI and NAFLD liver fat score in CoLaus) as dependent variables and the different MDSs (pyrMDS, litMDS, and tMDS) as independent variables.

Analyses were adjusted for potential confounders including age, sex, marital status, occupational status, educational level, smoking status, energy intake, and physical activity energy expenditure (Fenland) or estimated total energy expenditure (CoLaus). Further adjustments for BMI as potential confounder were also conducted. In Fenland, the FFQ aimed at assessing habitual dietary intake across the previous year, whereas in CoLaus, it was over the past 4 weeks. Hence, to adjust for possible seasonal variation in CoLaus, the dates of dietary intake assessment were included in regression models.

A priori, we examined whether the association between adherence to the pyrMDS and hepatic steatosis varied by alcohol consumption, testing for statistical interaction by alcohol consumption and adherence to the Mediterranean diet, and we also conducted analysis stratified by alcohol consumption (abstainers, moderate, and heavy drinkers). We also assessed the influence of adjustment for both BMI and waist circumference; for body fat mass (Fenland only); for alcohol consumption (units/week); for clinical variables, including blood pressure \> 130/85 mmHg (yes/no), TG level \> 1.7 mmol/L (yes/no), high-density lipoprotein level \< 1.29 mmol/L for men and \< 1.03 mmol/L for women (yes/no), and glucose level ≥ 5.6 mmol/L (yes/no); and for family history of diabetes and metabolic syndrome (except for NAFLD liver fat score as metabolic syndrome is one of its components).

We conducted sensitivity analyses excluding the alcohol component from the pyrMDS to rule out the possible impact of alcohol on the observed association; excluding participants with BMI ≥ 30 kg/m^2^; excluding participants with excessive alcohol consumption; including participants with probable implausible energy intake; excluding participants with probable secondary causes of hepatic steatosis such as hepatitis B or C, HIV, or hepatotoxic medications; or including participants with diabetes (only for NAFLD liver fat score in CoLaus). The British National Formulary codes were used to identify hepatitis B and C or HIV in the Fenland cohort and the Anatomical Therapeutic Chemical classification of the World Health Organization to identify hepatotoxic medications in the CoLaus Study. Finally, we assessed the robustness of the results when modelling ultrasound liver fat score (1) using 7 as the cut-point to define hepatic steatosis (normal/mild vs. moderate/severe), and (2) continuously, we also examined the association of adherence to the Mediterranean diet with ALT and GGT levels as crude markers of hepatic steatosis \[[@CR1], [@CR44]\]. The latter were natural log transformed prior to regression analysis.

Possible interactions between the different MDSs with age, sex, and BMI in the main model were examined using the Wald test. We prespecified stratified analyses if significant interaction was identified. Statistical significance was considered for a two-sided test with a *p* value \< 0.05.

Results {#Sec9}
=======

Characteristics of included participants {#Sec10}
----------------------------------------

Of the 12,435 participants in the Fenland Study, 2790 (22.4%) were excluded, leaving 9645 participants (54.4% women; 48.9 ± 7.4 years) for analysis. Of the 5064 participants in CoLaus, 1107 (21.8%) were excluded, leaving 3957 participants (56.8% women; 57.0 ± 10.4 years) for analysis. The reasons for exclusion are summarised in Additional file [1](#MOESM1){ref-type="media"}: Figure S1, and the characteristics of included and excluded participants are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S2. The mean pyrMDS score was 9.07 ± 1.43 and 8.45 ± 1.24 in Fenland and CoLaus, respectively. In both cohorts, adherence to the Mediterranean diet was higher among women compared to men, positively correlated with socio-economic status and negatively correlated with TG, liver enzyme levels, BMI, waist circumference, prevalence of current smokers, and prevalence of the metabolic syndrome (Table [1](#Tab1){ref-type="table"}).Table 1Characteristics of participants by adherence to the Mediterranean diet, Fenland and CoLaus studies\*CharacteristicFenland Study (*n* = 9645)CoLaus Study (*n* = 3957)Q1 (3.30--7.84)\*Q2 (7.85--8.73)Q3 (8.74--9.46)Q4 (9.47--10.28)Q5 (10.29--14.03)Q1 (1.83--7.45)Q2 (7.46--8.18)Q3 (8.19--8.82)Q4 (8.83--9.47)Q5 (9.48--12.18)Age, years48.8 ± 7.548.9 ± 7.348.9 ± 7.548.9 ± 7.649.1 ± 7.558.2 ± 10.758 ± 10.557.4 ± 10.456.3 ± 10.555.1 ± 9.4Women, %35.548.157.562.069.443.154.560.160.965.5Marital status, %^†^ Single7.57.55.46.98.917.312.914.417.315.0 Married/cohabiting66.568.770.970.269.154.357.160.159.858.2 Separated7.37.77.97.99.528.430.025.522.926.8Occupation, % Managerial or professional42.554.661.366.573.8---------- Employed----------53.456.955.763.167.9Education, %^†^ Compulsory27.822.618.614.09.218.816.615.413.411.0 Secondary55.150.746.341.136.565.064.661.258.859.8 University17.226.735.144.954.316.218.823.427.829.2Annual income, %^†^ \< £20,00016.913.611.711.49.6---------- £20,000--40,00041.735.334.230.027.5---------- \> £40,00038.748.352.556.661.0----------Current smoker, %20.011.410.48.86.226.422.821.018.116.4Alcohol intake, unit/week^‡^ Abstainers4.14.34.53.92.621.123.324.024.524.1 Moderate60.561.660.760.860.762.565.969.970.872.9 Heavy22.725.927.527.729.516.410.96.14.72.9Energy intake, kcal/day2120 ± 5991949 ± 5951888 ± 5501827 ± 5311824 ± 5271853 ± 6331804 ± 6281804 ± 6061778 ± 5881709 ± 583Protein, % energy17.6 ± 3.718.2 ± 3.518.3 ± 3.618.2 ± 3.518.0 ± 3.415.6 ± 3.615.8 ± 3.615.5 ± 3.115.5 ± 3.114.9 ± 2.8Carbohydrate, % energy46.6 ± 7.347.6 ± 6.848.2 ± 6.849.0 ± 6.949.3 ± 6.845.1 ± 9.744.9 ± 9.146.7 ± 8.447.0 ± 8.348.3 ± 8.0Fat, % energy35.3 ± 5.733.9 ± 5.533.1 ± 5.632.6 ± 5.732.6 ± 5.833.3 ± 6.734.7 ± 6.734.6 ± 6.734.6 ± 6.634.5 ± 6.8PAEE, kcal/day1048 ± 903878 ± 750777 ± 668740 ± 582696 ± 515TEE, kcal/day----------2748 ± 6722667 ± 6422647 ± 6212615 ± 5812665 ± 615Metabolic syndrome, %^§^42.537.831.929.722.639.537.524.028.826.0BMI, kg/m^2^27.5 ± 4.627.2 ± 4.726.6 ± 4.526.1 ± 4.325.2 ± 4.226.4 ± 4.426.0 ± 4.425.6 ± 4.125.4 ± 4.225.0 ± 4.1Waist circumference, cm94.5 ± 1392.0 ± 12.989.4 ± 12.587.9 ± 12.185 ± 11.993.4 ± 12.791.4 ± 12.289.7 ± 11.789.1 ± 12.087.8 ± 11.8Triglycerides, mmol/L1.3 ± 0.91.2 ± 0.81.1 ± 0.71.1 ± 0.61.0 ± 0.61.4 ± 0.91.4 ± 0.81.2 ± 0.71.2 ± 0.91.2 ± 0.7GGT, U/L39.6 ± 40.836.2 ± 34.432.5 ± 2531.9 ± 25.228.5 ± 22.645.3 ± 72.135.3 ± 33.230.8 ± 2830.9 ± 34.728.6 ± 31.1ALT, U/L30.8 ± 16.729.1 ± 15.727.7 ± 14.627.2 ± 15.626.1 ± 16.328.9 ± 22.326.9 ± 15.426.1 ± 13.824.8 ± 12.825.3 ± 14.8AST, U/L----------30.3 ± 14.828.7 ± 12.328.0 ± 8.727.5 ± 9.327.2 ± 7.6*PAEE* physical activity energy expenditure, *TEE* total energy expenditure, *BMI* body mass index, *iqr* interquartile range, *GGT* gamma-glutamyl transferase, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase\*In each cohort, participants were categorised into five groups by quintiles (Q1 to Q5) of the Mediterranean diet score representing the levels of dietary adherence to the Mediterranean diet pattern (defined by the Mediterranean diet pyramid) (possible range 0 to 15). A range of the points in each category is presented. Data are mean ± SD for continuous variables or percent for categorical variables, unless otherwise stated^†^Due to some missing data, numbers do not always add to 100%. 'Separated' included divorced or widowed adults^‡^Alcohol consumption categorised as 'abstainers' (0 unit/week), 'moderate' (1--21 units/week for men, 1--14 for women), and 'heavy drinkers' (\> 21 units/week for men, \> 14 for women)^§^Metabolic syndrome defined according to the International Diabetic Federation

Adherence to the Mediterranean diet and prevalence of hepatic steatosis {#Sec11}
-----------------------------------------------------------------------

In Fenland, the prevalence of hepatic steatosis was 23.9% and 27.1% based on ultrasound and FLI, respectively. Diagnoses using FLI and ultrasound liver fat score were concordant (kappa = 0.79). In CoLaus, the prevalence of hepatic steatosis was 25.3% and 25.7% based on FLI and NAFLD score, respectively, with high concordance (kappa = 0.83) between the measures. Hepatic steatosis was more prevalent among men; those with higher BMI, waist circumference, and liver enzymes; and those with metabolic syndrome (Additional file [1](#MOESM1){ref-type="media"}: Table S2).

In Fenland, the multivariable-adjusted analysis showed an inverse association between pyrMDS quintiles and hepatic steatosis based on ultrasound (*p*~trend~ \< 0.001) (Table [2](#Tab2){ref-type="table"}), but the association was attenuated after further adjustment for BMI (*p*~trend~ \< 0.043). An inverse association was also seen per one SD difference in pyrMDS \[PR of 0.86 (95% CI 0.81--0.90)\] but was attenuated after adjustment for BMI \[0.95 (0.90, 1.00)\].Table 2Association between adherence to the Mediterranean diet and prevalence of hepatic steatosis defined by abdominal ultrasound, Fenland StudyPrevalence ratio (95% CI) across quintiles of pyramid-based Mediterranean diet score^\*^*p* ~trend~Prevalence ratio (95% CI) per SD difference^\*^Q1Q2Q3Q4Q5Range of scores3.30--7.847.85--8.738.74--9.469.47--10.2810.29--14.03*N* total19291929192919291929 *N* cases (score ≥ 5 of 3 to 12)602547450391313 Multivariable + SES + dietary factor^†^1.00 (ref.)0.99 (0.86, 1.12)0.82 (0.71, 0.95)0.76 (0.65, 0.88)0.67 (0.56, 0.78)\< 0.0010.86 (0.81, 0.90) Multivariable + BMI^‡^1.00 (ref.)1.02 (0.89, 1.16)0.94 (0.81, 1.08)0.90 (0.77, 1.04)0.88 (0.75, 1.04)0.0430.95 (0.90, 1.00)*SES* socio-economic status, *BMI* body mass index^\*^In categorical analysis, the population was divided into five groups by quintiles (Q1--Q5) of the Mediterranean diet score, standard deviation is 1.43 for the Mediterranean diet score^†^Adjusted for age (years), test sites (Cambridge, Ely, and Wisbech), sex, marital status (single, married, and divorced/widowed), occupational status (routine and professional jobs), education level (compulsory, secondary, and university), household income (\< £20,000, £20,000--40,000, and \> £40,000), smoking status (never, former, and current), energy intake (kcal/day), and physical activity energy expenditure (kcal/day)^‡^Further adjusted for BMI. Results of further adjustment for waist circumference were broadly in line with of the further adjustment for BMI (data not shown)

In both cohorts, when FLI was the outcome, there was an inverse association between pyrMDS quintiles and hepatic steatosis (*p*~trend~ \< 0.001) (Table [3](#Tab3){ref-type="table"}), but the association attenuated after adjustment for BMI (*p*~trend~ = 0.001 and 0.009 for Fenland and CoLaus, respectively). Significant inverse association was seen per one SD difference in the pyrMDS in both cohorts; the observed association was attenuated but remained significant in Fenland after adjustment for BMI (Table [3](#Tab3){ref-type="table"}).Table 3Association between adherence to the Mediterranean diet and prevalence of hepatic steatosis, Fenland and CoLaus studies\*Prevalence ratio (95% CI) across quintiles of pyramid-based Mediterranean diet score^†^*p* ~trend~Prevalence ratio (95% CI) per SD difference^†^Q1Q2Q3Q4Q5Fenland Study Range of scores3.30--7.847.85--8.738.74--9.469.47--10.2810.29--14.03 *N* total19291929192919291929  FLI, median (iqr)^‡^47.6 (21.1, 76.4)39.6 (16.1, 69.7)30.6 (11.9, 61.3)25.3 (10.3, 55.4)16.9 (7.5, 42.2)   *N* cases (score ≥ 60)773632496424285   Multivariable + SES + dietary factor^§^1.00 (ref.)0.94 (0.84, 1.06)0.81 (0.71, 0.92)0.75 (0.65, 0.86)0.52 (0.44, 0.62)\< 0.0010.82 (0.78, 0.86)   Multivariable + BMI^‖^1.00 (ref.)1.00 (0.88, 1.12)0.98 (0.86, 1.12)0.94 (0.82, 1.08)0.76 (0.64, 0.89)0.0010.94 (0.89, 0.98)CoLaus Study Range of scores1.83--7.457.46--8.188.19--8.828.83--9.479.48--12.18 *N* total792791792791791FLI, median (iqr)‡43.0 (19.0, 72.8)37.2 (14.9, 66.5)30.9 (13.2, 56.5)27.4 (11.7, 53.7)22.5 (9.4, 49.0)   *N* cases (score ≥ 60)297240170160135   Multivariable + SES + dietary factor^§^1.00 (ref.)0.93 (0.77, 1.12)0.74 (0.60, 0.90)0.73 (0.59, 0.90)0.61 (0.49, 0.77)\< 0.0010.85 (0.80, 0.91)   Multivariable + BMI^‖^1.00 (ref.)1.06 (0.87, 1.28)0.90 (0.74, 1.11)0.85 (0.69, 1.05)0.79 (0.63, 1.00)0.0090.94 (0.88, 1.006)  NAFLD liver fat score, median (iqr)^\*\*^− 1.5 (− 2.3, − 0.2)− 1.6 (− 2.3, − 0.4)− 1.7 (− 2.4, − 0.7)− 1.8 (− 2.4, − 0.8)− 2.0 (− 2.5, − 0.8)   *N* cases (score ≥ − 0.640)257240181168172   Multivariable + SES + dietary factor^§^1.00 (ref.)1.03 (0.86, 1.25)0.84 (0.69, 1.03)0.82 (0.67, 1.01)0.85 (0.69, 1.05)0.0220.93 (0.87, 0.99)   Multivariable + BMI^‖^1.00 (ref.)1.08 (0.89, 1.30)0.92 (0.75, 1.12)0.88 (0.72, 1.09)1.02 (0.82, 1.26)0.500.98 (0.91, 1.04)*FLI* fatty liver index, *iqr* interquartile range, *SES* socio-economic status, *BMI* body mass index, *NAFLD* non-alcoholic fatty liver disease\*For this analysis, the outcome was assessed by fatty liver index and NAFLD liver fat score\*\*Calculated based on an algorithm including presence of the metabolic syndrome and type 2 diabetes and concentrations of fasting serum insulin, fasting serum aspartate-aminotransferase (AST), and AST/alanine-aminotransferase ratio^†^In categorical analysis, the population was divided into five groups by quintiles (Q1-Q5) of the Mediterranean diet score, standard deviation is 1.43 and 1.24 for pyramid-based Mediterranean diet score in the Fenland and CoLaus studies, respectively^‡^Calculated based on an algorithm including body mass index, waist circumference, triglycerides, and gamma-glutamyl transferase^§^Adjusted for age (years), sex, marital status (single, married/cohabiting, and divorced/widowed), occupational status (routine and professional jobs in the Fenland Study and working and not working in the CoLaus Study), education level (compulsory, secondary, and university), smoking status (never, former, and current), energy intake (kcal/day), physical activity energy expenditure (kcal/day, in the Fenland Study), total energy expenditure (kcal/day---in the CoLaus Study), and date of dietary assessment (in the CoLaus Study)^‖^Further adjusted for BMI. Results of further adjustment for waist circumference were broadly in line with of the further adjustment for BMI (data not shown)

In CoLaus, when NAFLD liver fat score was the outcome, there was a non-significant inverse association between pyrMDS quintiles and hepatic steatosis (*p*~trend~ = 0.022). Using pyrMDS as a continuous variable, there was an inverse association per one SD difference \[0.93 (0.87--0.99)\], which attenuated after adjustment for BMI (Table [3](#Tab3){ref-type="table"}).

Associations using LitMDS or tMDS as exposure variables were largely consistent with those of pyrMDS (Additional file [1](#MOESM1){ref-type="media"}: Table S3).

Other analyses {#Sec12}
--------------

In both cohorts, analyses stratified by alcohol consumption showed that the inverse association between pyrMDS quintiles and hepatic steatosis was non-significant among 'abstainers' but significant among 'moderate' drinkers, except for NAFLD liver fat score in CoLaus. Among 'heavy' drinkers, the results were inconsistent across the two cohorts (Additional file [1](#MOESM1){ref-type="media"}: Table S4). Further adjustment for BMI attenuated the inverse associations between pyrMDS and hepatic steatosis within alcohol consumption strata.

Adjusting for both BMI and waist circumference attenuated the associations (*p*~trend~ \> 0.05), except for FLI score in both studies (Additional file [1](#MOESM1){ref-type="media"}: Table S5). In Fenland, the inverse association between pyrMDS and hepatic steatosis as assessed by ultrasound remained significant after adjusting for body fat mass (Additional file [1](#MOESM1){ref-type="media"}: Table S5). Further adjustment for other potential confounders or mediators including alcohol consumption with and without adiposity measures, clinical variables, and presence of metabolic syndrome partly attenuated the associations (Additional file [1](#MOESM1){ref-type="media"}: Table S5). The results were not materially different when excluding the alcohol component from the pyrMDS; when excluding participants based on high BMI ≥ 30 kg/m^2^, excessive alcohol consumption, or secondary causes of hepatic steatosis; or when including participants with implausible energy intakes or with diabetes (Additional file [1](#MOESM1){ref-type="media"}: Table S5).

In Fenland, the use of a different dichotomisation of the ultrasound liver fat score weakened the association between pyrMDS quintiles and hepatic steatosis (Additional file [1](#MOESM1){ref-type="media"}: Table S6). The association per SD of pyrMDS was not altered, but CIs were widened (Additional file [1](#MOESM1){ref-type="media"}: Table S6). Associations modelling ultrasound liver fat score as a continuous outcome variable attenuated the inverse association, but it remained statistically significant (*p*~trend~ \< 0.001) (Additional file [1](#MOESM1){ref-type="media"}: Table S6). Adherence to the Mediterranean diet was inversely but not significantly associated with ALT and GGT (Additional file [1](#MOESM1){ref-type="media"}: Table S7).

Finally, there were no significant interactions between adherence to the Mediterranean diet and age or sex in either cohort. A significant interaction between pyrMDS and BMI was found in both cohorts (*p*~interaction~ \< 0.05), except when considering ultrasound liver fat score as an outcome in Fenland (*p*~interaction~ = 0.33); hence, due to inconsistent results, we conducted an analysis stratified by BMI categories (underweight/normal, overweight, and obese) (Additional file [1](#MOESM1){ref-type="media"}: Table S8).

In Fenland, the inverse association between pyrMDS quintiles and hepatic steatosis was non-significant (*p*~trend~ \> 0.05) in the analyses stratified by BMI, except among overweight participants when considering FLI as an outcome (*p*~trend~ \< 0.001). In CoLaus, considering FLI as an outcome, a non-significant inverse association between pyrMDS quintiles and hepatic steatosis was found among underweight/normal (*p*~trend~ = 0.006) and overweight participants (*p*~trend~ = 0.023). In contrast, considering NAFLD liver fat score as an outcome in CoLaus, stratified analyses showed no significant association between pyrMDS quintiles and hepatic steatosis (*p*~trend~ \> 0.05).

Discussion {#Sec13}
==========

In two independent population-based cohorts in the UK and Switzerland, we found an inverse association between greater adherence to the Mediterranean diet and the prevalence of hepatic steatosis. This association was consistent across three different definitions of adherence to the Mediterranean diet and with different non-invasive criteria for assessing hepatic steatosis but was attenuated when we included measures of adiposity as a covariate.

Comparison with other studies {#Sec14}
-----------------------------

Our findings add to the limited number of studies that evaluated the associations between single food groups or other dietary patterns and hepatic steatosis. A cross-sectional study previously reported that an eating pattern high in alcohol and meat intakes and with a low tea consumption was associated with higher liver fat content among 354 individuals from the PopGen cohort in Germany \[[@CR45]\]. Another cross-sectional study among Israeli adults reported a positive association between soft drink consumption and risk of NAFLD, whereas higher intake of omega-3 polyunsaturated fatty acids was negatively associated with the risk of NAFLD \[[@CR5]\]. Additionally, one Australian prospective study among adolescents indicated that a Western dietary pattern characterised by a high consumption of takeaway foods, confectionary, red or processed meat, refined grain, chips, full-fat dairy, and soft drinks at age 14 was associated with the presence of NAFLD at age 17 years \[[@CR46]\]. Our findings for the Mediterranean diet are consistent with a recent secondary cross-sectional analysis of the PREDIMED trial in Spain, although that study focused on overweight and obese participants at high cardiovascular risk, and assessed a dietary inflammatory index in conjunction with adherence to the Mediterranean diet \[[@CR18]\]. Moreover, our results are in agreement with the only prospective study to date reported a significant inverse association between adherence to the Mediterranean diet and incident hepatic steatosis among healthy individuals without hepatic steatosis \[[@CR20]\].

Nevertheless, our findings of an inverse association between Mediterranean diet and hepatic steatosis were not consistent with those from other studies. Possible explanations may include differences in population and methods. For instance, one cross-sectional study of healthy Chinese adults in Hong Kong reported no significant association between higher adherence to the Mediterranean diet and NAFLD prevalence even in the analyses without BMI adjustment \[[@CR19]\]. This could be because the authors defined MDS based on population-specific medians of the study population, which might be too crude \[[@CR19], [@CR32]\]. Additionally, a small case-control study conducted in Athens compared 73 patients with NAFLD with 58 healthy controls and found no association between greater MDS and lower likelihood of having NAFLD \[[@CR47]\].

In our study, the inverse association between adherence to the Mediterranean diet and hepatic steatosis was no longer significant after adjustment for adiposity (BMI and waist circumference) suggesting that adiposity may be a confounder or a mediator of the association. While our study was not designed to distinguish between these two phenomena, our findings were consistent with previous reports of non-significant associations between adherence to the Mediterranean diet and NAFLD after adjustment for BMI or abdominal fat \[[@CR19], [@CR47]\]. Our findings are also in agreement with a previous prospective study suggesting that the Western dietary pattern acts predominantly on hepatic steatosis incidence via the obesity pathway \[[@CR46]\].

Previous studies have reported positive \[[@CR48]\] or null \[[@CR49]\] associations between the Mediterranean diet and liver enzymes. The null associations reported previously are in line with our results; the possible explanation could be the normal levels of liver enzymes in the majority of individuals with hepatic steatosis \[[@CR50]\].

Possible mechanisms and implications {#Sec15}
------------------------------------

The potential mechanisms explaining the inverse association of the individual components of the Mediterranean diet on hepatic steatosis have been reviewed previously \[[@CR51], [@CR52]\]. Adherence to the Mediterranean diet is associated with high antioxidant capacity and anti-inflammatory and anti-fibrotic effects due to high fruit and vegetable consumption \[[@CR53]\]. The Mediterranean diet is also associated with high levels of monounsaturated fatty acids (MUFA), mostly from olive oil intake. In animal models, high MUFA from olive oil and/or PUFA improved lipid profile, decreased cytokine expression in visceral adipocytes, and decreased liver enzymes and hepatic TGs, thus attenuating hepatic steatosis \[[@CR54]--[@CR56]\]. These results have been corroborated in a meta-analysis of human studies, which confirmed that omega-3 fatty acids were negatively associated with hepatic steatosis \[[@CR57]\].

Although epidemiological studies linking Mediterranean diet to hepatic steatosis are scarce, there is strong evidence regarding the inverse association between adherence to the Mediterranean diet and cardiovascular disease, the metabolic syndrome, and its components \[[@CR9], [@CR10], [@CR58]\]. Few observational studies and randomised clinical trials have evaluated the impact of adherence to the Mediterranean diet on hepatic steatosis progression \[[@CR12], [@CR48], [@CR49], [@CR59]\]. All these studies, despite their difference in study design, sample population, outcome measure assessment methods, and various Mediterranean diet-scoring methods, reported the beneficial impact of greater adherence to the Mediterranean diet on reduced progression of hepatic steatosis. Thus, the Mediterranean diet may represent an alternative therapy for hepatic steatosis, given the well-recognised problems of achieving sustainable weight loss, which is currently the primary treatment for hepatic steatosis through lifestyle therapy involving diet and exercise. Therefore, the clinical importance of the Mediterranean diet for the prevention of hepatic steatosis deserves further discussion.

Strengths and limitations {#Sec16}
-------------------------

Our study in two population-based cohorts in two independent settings of the UK and Switzerland, together with the large sample size of nearly 14,000 participants, allowed us to conduct stratified analysis with adequate statistical power. The application of three different scoring algorithms for the Mediterranean diet enhanced the utility of representing adherence to the diet in different epidemiological settings. Finally, the consistency of the findings in two independent cohorts suggests that the results may be reasonably generalisable to other populations.

Our study also has some limitations. First, its cross-sectional design precludes any causal interpretation of the association between adherence to the Mediterranean diet and hepatic steatosis. The study design was also limited by its inability to distinguish whether adiposity mediated or confounded the observed association. Second, hepatic steatosis was based on different indicators and not on liver biopsy, which is considered to be the gold standard technique. However, liver biopsy is an invasive method, which cannot be implemented in large-scale epidemiological studies with predominantly healthy participants. In the Fenland Study, hepatic steatosis was based on ultrasound, a valid method for detecting hepatic steatosis \[[@CR36]\], supplemented with an algorithm-based FLI, while in the CoLaus Study, two hepatic steatosis indices were used. These validated markers of hepatic steatosis are based on non-invasive and easily ascertained measurements which make them suitable for large epidemiological studies \[[@CR38], [@CR39], [@CR60], [@CR61]\], and the results were consistent irrespective of the marker used. Third, excluding participants with diabetes might have led to an underestimation of hepatic steatosis prevalence as assessed by NAFLD liver fat score and its association with the Mediterranean diet. However, findings were similar upon including participants with diabetes in the sensitivity analysis. Fourth, the methods for measuring variables (e.g. physical activity) differed between cohorts; however, the consistency of our findings suggests that the impact of the differing methods on results was minimal. Fifth, self-reported dietary intake and covariates are prone to measurement errors but the instruments used were validated against reference methods, and we found consistency of our estimates across the levels of adjustments.

Conclusion {#Sec17}
==========

Greater adherence to the Mediterranean diet was associated with lower likelihood of hepatic steatosis, and this association was largely related to markers of adiposity. These cross-sectional findings were strengthened by their consistency in two independent settings in the UK and Switzerland and are hypothesis generating for the role of the Mediterranean diet in hepatic steatosis in non-Mediterranean settings. The cross-sectional findings from our population-based cohorts warrant further interventional or observational studies to test whether the improvement of adherence to the Mediterranean diet is efficacious and effective in diverse settings for the primary prevention of hepatic steatosis.
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Additional file 1:**Figure S1.** Flow chart for the Fenland and CoLaus sample selection. **Table S1.** Mediterranean diet score specified by three definitions and their components. **Table S2.** Characteristics of participants included and excluded from the analysis, Fenland and CoLaus studies. **Table S3.** Association between adherence to the literature-based and tertile-based Mediterranean diet and prevalence of hepatic steatosis, Fenland and CoLaus studies. **Table S4.** Association between adherence to the Mediterranean diet and prevalence of hepatic steatosis within alcohol consumption strata, Fenland and CoLaus studies. **Table S5.** Sensitivity analyses for the association between adherence to the Mediterranean diet and prevalence of hepatic steatosis, Fenland and CoLaus studies. **Table S6.** Association between adherence to the Mediterranean diet and prevalence of hepatic steatosis, Fenland Study. **Table S7.** Association between adherence to the Mediterranean diet and ALT and GGT, Fenland and CoLaus studies. **Table S8.** Association between adherence to the Mediterranean diet and prevalence of hepatic steatosis within BMI strata, Fenland and CoLaus studies. (DOCX 124 kb)
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